Abstract: Pines, used for sand dune stabilization, can influence the hydrophysical parameters and water flow in an aeolian sandy soil considerably, mainly due to soil water repellency. Two sites, separated by distance of about 20 m, formed the basis of our study. A control soil ("Pure sand") with limited impact of vegetation or organic matter was formed at 50 cm depth beneath a forest glade area. This was compared to a "Forest soil" in a 30-year old Scots pine (Pinus sylvestris) forest. Most of the hydrophysical parameters were substantially different between the two soil surfaces. The forest soil was substantially more water repellent and had two-times the degree of preferential flow compared to pure sand. Water and ethanol sorptivities, hydraulic conductivity, and saturated hydraulic conductivity were 1%, 84%, 2% and 26% those of the pure sand, respectively. The change in soil hydrophysical parameters due to soil water repellency resulted in preferential flow in the forest soil, emerging during a simulated heavy rain following a long hot, dry period. The wetting front established in pure sand exhibited a form typical of that for stable flow. Such a shape of the wetting front can be expected in the forest soil in spring, when soil water repellency is alleviated substantially.
Introduction
Pines are widely planted for sand dune stabilization (CAB International 2002) . Previous studies in sandy soil beneath Scots pine (Pinus sylvestris) trees showed that both soil water repellency and hydraulic properties depend on tree age, forest management practices, and the season of the year (Buczko et al. 2006 ). Soil water repellency can decrease infiltration, increase runoff and soil erosion, and worsen water quality (Doerr et al. 2000; Pekárová et al. 2012; Wine et al. 2012; Beatty & Smith 2013) . Remediation strategies for soil water repellency were reviewed by Müller & Deurer (2011) . The objective of this study was to quantify the influence of Scots pines on soil hydrophysical parameters and heterogeneity of water flow in a sandy soil emerging during a simulated heavy rain following a long hot, dry period.
Material and methods
The experimental sites were located at Mláky II near Sekule (48
• 37 10 N, 16
• 59 50 E) in the Borská nížina lowland (southwest Slovakia). The region is in transition zone between temperate oceanic and continental climates. Mean annual temperature is 9
• C. Mean annual precipitation is 550 mm, and it is mainly summer-dominant. Two sites, separated by distance of about 20 m, formed the basis of our study. A control soil ("Pure sand") with limited impact of vegetation or organic matter was obtained by sampling at 50 cm depth beneath a forest glade area. This was compared to a "Forest soil" in a 30-year old Scots pine (Pinus sylvestris) forest. The soil at the glade area supported a sparse cover of mosses, lichens, and occasionally, grasses (Corynephorus canescens). Some areas in the glade had exposed bare soil. Soil microscopic mosses, lichens, fungi, cyanobacteria, and algae, recorded at this site, are listed in Lichner et al. (2012) . Soil from the experimental sites is formed by aeolian sand, and it is classified as an Arenosol (WRB 2006) and has a sandy texture (Soil Survey Division Staff 1993) . Physical and chemical properties of soil samples are presented in Table 1 .
The persistence of water repellency was measured using the water drop penetration time (WDPT) test. The WDPT test involves placing a water drop from a standard medicine dropper on a soil surface and recording the time taken for its complete penetration (Doerr et al. 2000) . The following classes of the persistence of WR can be distinguished: wet- (WDPT = 5-60 s), strongly (WDPT = 60-600 s), severely (WDPT = 600-3600 s), and extremely (WDPT > 3600 s) water repellent soil (García et al. 2005) . Field measurements of infiltration were performed using a minidisk infiltrometer (4.5 cm in diameter) under a negative tension h0 = -2 cm. Prior to the measurements, the litter layer was removed gently to prevent disturbance of the mineral soil. The cumulative infiltration I was calculated based on the Philip infiltration equation:
where C1, C2, C3,. . ., and Cm are coefficients, and t is time.
The sorptivity S(h0) was estimated from the first term of this equation (I = C1t 1/2 ):
Equation (2) was used to calculate the sorptivity of both water, Sw(-2 cm), and ethanol, Se(-2 cm), from the cumulative infiltration vs. time relationships taken with the minidisk infiltrometer during early-time (< 180 s) infiltration of water and ethanol, respectively. Zhang (1997) proposed to use first two terms of the Philip infiltration equation to fit the cumulative infiltration vs. time relationship and estimate the hydraulic conductivity k(h0):
where A is a dimensionless coefficient. Equation (3) was used to estimate the hydraulic conductivity k(-2 cm) in this study, using A = 1.8 for sandy soil and suction h0 = -2 cm from the Minidisk Infiltrometer User's Manual (Decagon 2007). The index of water repellency R was calculated from (Hallett et al. 2001) :
Infiltration measurements in the field under a small positive pressure head h0 = +2 cm were also performed repeatedly at both sites using a double-ring infiltrometer with an inner-ring diameter of 24.5 cm, buffer ring diameter of 34.5 cm, and height of 23.5 cm. The first two and three terms of the Philip infiltration equation were used to estimate the saturated hydraulic conductivity Ks. The first two terms are applicable to relatively short times as follows:
with m = 0.667 being the most frequently used value (Kutílek & Nielsen 1994) . Kutílek & Krejča (1987) proposed to use three terms of the Philip infiltration equation to estimate the saturated hydraulic conductivity Ks:
Equations (5) and (6) were used to estimate the saturated hydraulic conductivity Ks in this study.
The tracer experiment at the forest site was carried out at the 100 cm × 100 cm plot and it is described in Homolák et al. (2009) . The tracer experiment in pure sand was carried out at the 50 cm × 100 cm plot and it is described in Lichner et al. (2011) . The effective cross section for water flow, ECS, and the degree of preferential flow, DPF, were determined from the stained area as follows. The picture of each vertical section was divided to i = 10 vertical bands with the width of 10 cm, and the numbers ni of stained 5 cm × 5 cm pixels were calculated in each band. The fraction of total water content change fi, which is the ratio between the water content change in band i and the total water content change in vertical profile, was calculated for each band using
The fractions fi were ranked in descending order and presented against the fraction of cross-sectional area (black dots at Fig. 1b) . A beta distribution was fitted to the data and the Levenberg-Marquardt algorithm (the non-linear leastsquare fitting) was used to optimize its parameters α and β. ECS was then estimated as the fraction of the total area that corresponds to the 90% of water content change in vertical section (cf. Fig. 1b) , according to the definition in Täumer et al. (2006) . The degree of preferential flow, DPF, equal to the area between the beta distribution curve and the 1:1 line (representing the distribution of fraction of total water content change vs. fraction of cross-sectional area for a piston flow), was calculated from (cf. Fig. 1b 
DPF can change from 0 for piston flow to almost 0.5 for the case when all the flow in soil is realized through a narrow preferential path (e.g., a crack in heavy clay soil). A Student t-test (Matlab) was used to determine whether the results differed significantly between the two sites. Levene's test (Levene 1960 ) and Q-Q plot were used to test whether the data were normally distributed with homogenous variances. The data that did not pass the test were transformed using the Box-Cox method based on estimation and minimization of standard deviation of the function under underlying transformation. Then, the t-test was used to compare the means and variances of the above data from the two sites to find out whether they were statistically significantly different.
Results and discussion
The hydrological properties of the soil at both sites are presented in Table 2 , where N is a number of replicates. Fig. 1 . Estimation of effective cross section (ECS) and degree of preferential flow (DPF) from the image of a vertical section of dyed soil, taken in the forest soil at the distance of 60 cm from the front edge during the tracer experiment. a) -the image of the vertical section with 10 cm (red lines) and 5 cm (blue lines) grids used for an estimation of the fractions of total water content change against the fractions of total cross-sectional area; b) -the plot of the cumulative water content changes against the cumulative cross-sectional area (black dots), with ECS estimated as the fraction of the total cross-sectional area that corresponds to the 90% of total water content change, and DPF presented as the shaded area between beta-function fitted to the data and straight line representing the piston flow. N is a number of replicates. * and *** denote the properties which are significantly different between soils on significance level 0.05 and 0.001, respectively.
It should be noted that one of 8 estimates of K s from Eq. (6) in pure sand and three of 11 estimates of K s from Eq. (6) in forest soil were rejected because the C 1 C 3 product in this equation was negative.
The mean values of both the persistence (WDPT) and index of water repellency in the pine forest soil were about 640-and 120-times higher than those of the pure sand, respectively, and they differed significantly from those of pure sand (Table 2) . However, the variability in water repellency is high, which is in agreement with the findings of Lamparter et al. (2010) . Almost 50% of fieldmoist samples taken in April-September were wettable, which is consistent with findings of García et al. (2005) who detected 57% wettable field-moist samples (N = 89), taken at depths 0-0.025 m under the Pinus pinea trees in southern Spain in March-November. Relative frequency of slightly, strongly, severely, and extremely repellent field-moist samples (N = 39) from our site was 5, 23, 18, and 5%, respectively. Buczko et al. (2006) detected 60% wettable, 18% slightly, 2% strongly, and 10% extremely repellent field-moist samples (N = 70), taken at depths 0-0.1 m under 84-year old Scots pine (Pinus sylvestris) trees in northeast Germany in April, July, and October-December.
The mean values of water sorptivity, hydraulic conductivity, and saturated hydraulic conductivity in the forest soil were 1%, 2.4%, and 26% of those of the pure sand, respectively, and they differed significantly from those of pure sand ( Table 2) The change in soil hydrophysical parameters due to soil water repellency resulted in preferential flow in the forest soil, emerging during a simulated heavy rain following a long hot, dry period. Based on the ponded area observed during water application, we attribute the preferential flow-like shape of the wetting front to redistribution of applied water on the surface to the series of micro-catchments, which acted as runon and runoff zones. The vertical section exposed at a distance of 60 cm from the leading edge is shown in Fig. 1a . The plot of the cumulative water content changes against the cumulative cross-sectional area (black dots), ECS and DPF for the above-mentioned vertical section are presented in Fig. 1b .
The wetting front in pure sand exhibited a form typical of that for stable flow (Lichner et al. 2010) . Such a shape of the wetting front can be expected in the forest soil in spring, when soil water repellency is alleviated substantially (Wessolek et al. 2008) .
Conclusion
It was found that Scots pine (Pinus sylvestris) trees had a strong influence on hydrophysical parameters of an aeolian sandy soil during hot and dry spells. The change in soil hydrophysical parameters due to soil water repellency resulted in preferential flow in the forest soil, emerging during a simulated heavy rain following a long hot, dry period. The wetting front in pure sand exhibited a form typical of that for stable flow. Such a shape of the wetting front can be expected in vegetation covered sub-sites in spring, when soil water repellency is alleviated substantially.
